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In this talk, I first present the motivation for theories wherein the extra spacctimc 
dimensions can be compactified to have large magnitudes. In particular, I discuss the 
Arkani-Hamed, Dimopoulos, Dvali (ADD) scenario. I present the constraints that have 
been derived on these models from current experiments and the expectations from future 
colliders. I concentrate particularly on the possibilities of probing these extra dimensions 
at future linear colliders. 

1. Introduction to the Kaluza-Klein theory 

Very soon after the formulation of General Relativity, and its success in giving grav- 
ity a geometrical meaning, attempts at unifying electromagnetism with gravity were 
made. These theories, known as Kaluza-Klein theories, attempted to obtain grav- 
ity and electromagnetism from the geometry of an underlying higher-dimensional 
theory. Non-observation of these extra dimensions implies that these have to be 
compactified to sizes which are unobservably small. As a simple example, con- 
sider a scalar field in 5 dimensions, <p(x,y) where x is the 4-dimensional space-time 
co-ordinate and y is the 5th dimension. Assume that the fifth dimension is com- 
pactified to a circle with radius R, where R is independent of x. The 5-dimensional 
field can be expanded in a Fourier series as 



where n is an integer and 4>n{x) are 4-dimensional fields. Substituting the above 
expansion in the 5-dimensional Klein-Gordon equation which <p{x, y) satisfies, one 
can show that one ends up with an infinite number of equations in 4 dimensions, one 
for each 4> n (x) and with a mass for every mode n. These modes are called 

pyrgons. The definition of spin in D dimensions depends on the D-dimensional 
Lorentz symmetry. The light-cone symmetry that leaves the motion of a massless 
particle unchanged in D dimensions is SO(D — 2) and the D-dimensional helicity 
corresponds to the representations of SO(D — 2). A given Kaluza-Klein level in 
D = 4 + m dimensions has one spin-2 state, (m — 1) spin-1 states and m(m — l)/2 
spin-0 states. A higher dimensional field, therefore, unifies different fields of different 
masses and spins in 4 dimensions. 
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The problem, however, is these extra dimensions arc not observed. In fact, if 
the periodicity in the fifth dimension is related to the quantisation of the electric 
charge then the length of the extra dimension turns out to be of the order of 1CP 30 
cm which is only somewhat bigger than the Planck length, making the hypothesis 
of extra dimensions untestable in any experiment. This is an unattractive feature 
of these theories, nevertheless the idea that all interactions are the consequence of 
space-time symmetries is so attractive that there have been vigorous attempts to 
generalise the attempt of Kaluza and Klein to include other interactions using more 
complicated compactification schemes. 

2. Large Extra Dimensions 

Recently, new incarantaions of Kaluza-Klcin theories have been discussed in the 
literature which can be a way of getting around the so-called hierarchy problem. 
What is the hierarchy problem? The Standard Model (SM) has proved enormously 
successful in providing a description of particle physics upto energy scales probed 
by current experiments, which is in the region of several hundred GeV. In the SM, 
however, one assumes that effects of gravity can be neglected, because the scale 
where the effects of gravity become large i.e. the Planck scale (Mp = 1.2 xlO 19 GeV) 
is vastly different from the TeV scale. The separation between the TeV scale and 
the Planck scale is what manifests itself as the hierarchy problem, whose solution 
has become one of the foci of the search for the correct physics beyond the SM. 
This problem is exacerbated in traditional unification scenarios: the scale of grand- 
unification is of the order of 10 16 GeV and again implies a huge desert. Further, in 
spite of the unification scale being so close to the Planck scale, traditional unification 
models make no reference whatsoever to gravity. 

Recent advances in the understanding of the strong-coupling regime of string 
theories has led to a major paradigm shift. The tool that has made it possible 
to understand the strong-coupling regime is duality. This duality, which is quite 
similar to the concept of duality in field theories, relates a theory at weak coupling 
to another theory at strong coupling. In field theories, this relationship also entails 
an electric/magnetic duality where duality takes a theory of weakly coupled point- 
like electric charges (and strongly coupled magnetic charges) to one with magnetic 
charges that are weakly coupled and pointlike. The strongly coupled theory maps on 
to the weakly coupled theory in which the basic quanta carry magnetic charges. In 
field theory, therefore, the duality multiplets include the elementary quanta which 
are pointlike and solitonic modes which are extended configurations. The situtation 
in string theory is more complicated where, in addition to the elementary strings, the 
spectrum of particles includes solitonic objects which are called D-branes. These 
are best thought of as topological defects of varying dimensionality: a D-brane 
is a dynamical D + 1-dimensional surface. The weak coupling string theory is not 
sensitive to these modes because they are very heavy compared to the stringy modes 
but, on the other hand, in the dual theory they become lighter and so in the dual 



theory it is best to think of the D-branes as the elementary quanta. An interesting 
feature of the £>-branes is that they act as surfaces on which open strings end. 

Now let us consider a theory with 3-branes or 3 + 1-dimcnsional hypersurfaces 
which are embedded in a D-dimensional spacetime. This theory would have typi- 
cally open and closed strings along with the 3-branes. The gauge particles, which 
correspond to the open strings, will end on the 3-branes while the gravitons, which 
correspond to the closed strings, are not restricted to lie on the 3-brane. This im- 
plies that the gauge particles (i.e. the SM particles) are confined to the 3-brane 
or the 3+1 dimensional surface and only the gravitons are free to propagate in the 
full D dimensions. As usual, the extra D — 4 dimensions have to be compactified 
to obtain the 3 + 1 dimensional theory 0. But, since these extra dimensions are 
only 'seen' by gravity, these need not be compactified to length scales which are of 
the order of Mp 1 but it is can be arranged that n of these extra dimensions are 
compactified to a common scale R which is relatively large, while the remaining 
dimensions are compactified to much smaller length scales which are of the order of 
the inverse Planck scale. In this context, the idea of large extra dimensions was first 
discussed by Arkani-Hamed, Dimopoulos and Dvali □ and is referred to as the ADD 
scenario, though earlier attempts at making the extra dimensions large have been 
made a The relation between the scales in 4 + n dimensions and in 4 dimensions 
is given by u 

M| = M^ +2 R n , (2) 

where Ms is the low-energy effective string scale. This equation has the interesting 
consequence that we can choose Ms to be of the order of a TeV and thus get around 
the hierarchy problem * For such a value of Ms, it follows that R = io 32 /™~ 19 m, 
and so we find that Ms can be arranged to be a TeV for any value n > 1. Effects 
of non-Newtonian gravity can become apparent at these surprisingly low values of 
energy. For example, for n — 2 the compactified dimensions are of the order of 1 
mm, just below the experimentally tested region for the validity of Newton's law of 
gravitation and within the possible reach of ongoing experiments H. 

3. The View from the Braneless End: The Low-Energy Effective Theory 

Below the scale Ms the following effective picture emerges : there are 

the Kaluza-Klein states, in addition to the usual SM particles. The graviton cor- 
responds to a tower of Kaluza-Klein states which contain spin-2, spin-1 and spin-0 
excitations. The spin-1 modes do not couple to the energy-momentum tensor and 
their couplings to the SM particles in the low-energy effective theory are not im- 
portant. The scalar modes couple to the trace of the energy-momentum tensor, so 
they do not couple to massless particles. Other particles related to brane dynam- 
ics (for example, the Y modes which are related to the deformation of the brane) 
have effects which are subleading, compared to those of the graviton. The only 

*A more recent scenario due to Randall and Sundrum @ is, in fact, a better way of handling the 
hierarchy problem. The phenomenlogy of this scenario, however, is not very different than the 
ADD scenario discussed in this paper. 



states, then, that contribute are the spin-2 Kaluza-Klein states. These correspond 
to a massless graviton in the 4 + n dimensional theory, but manifest as an infinite 
tower of massive gravitons in the low-energy effective theory. For graviton mo- 
menta smaller than the scale Ms, the effective description reduces to one where the 
gravitons in the bulk propagate in the flat background and couple to the SM fields 
which live on the brane via a (four-dimensional) induced metric g^. Starting from 
a linearized gravity Lagrangian in n dimensions, the four-dimensional interactions 
can be derived after a Kaluza-Klein reduction has been performed. The interac- 
tion of the SM particles with the graviton, G^, can be derived from the following 
Lagrangian: 

C = — i-G^T 7 ^ , (3) 
M P ' K ' 

where j labels the Kaluza-Klein mode and Mp — Mp j y/8n, and T^ v is the energy- 
momentum tensor. 

In view of the fact that the effective Lagrangian given in Eq. ^ is suppressed 
by 1/Mp, it may seem that the effects at colliders will be hopelessly suppressed. 
However, in the case of real graviton production, the phase space for the Kaluza- 
Klein modes cancels the dependence on Mp and, instead, provides a suppression of 
the order of Ms- For the case of virtual production, we have to sum over the whole 
tower of Kaluza-Klein states and this sum when properly evaluated H, III provides 
the correct order of suppression (~ Ms)- The summation of time-like propagators 
and space-like propagators yield exactly the same form for the leading terms in the 
expansion of the sum £j and this shows that the low-energy effective theories for the 
s and i-channels are equivalent. 

4. The Experimental Constraints 

There have been several studies exploring the consequences of the above effective 
Lagrangian for particle phenomenology and astrophysics. Production of gravitons 
giving rise to characteristic missing energy or missing px signatures at e + e~ or 
hadron colliders have been studiexL resulting in bounds on Ms which are around 
500 GeV to 1.2 TeV at LEP2 I, and around 600 GeV to 750 GeV at Tevatron 

Production of gravitons at the Large Hadron Collider (LHC) and in high-energy 
e + e _ collisions at the Next Linear Collider (NLC) have also been considered. Vir- 
tual effects of graviton exchange in xLilepton production at Tevatron yields a bound 
of around 950 GeV til to 1100 GeV 113 on M s , in tt production at Tevatron a bound 
of about 650 GeV is obtained while at the LHC this process can be used to explore 
a range of Ms values upto 4 TeV Virtual effects in deep-inelastic scattering at 
HERA put a bound of 550 GeV on MsIM, whilefrom jet production at the Tevatron 
strong bounds of about 1.2 TeV are obtained j'j'l Pair production of gauge bosons 
and fermions in e + e _ collisions at LEP2 Bill, EL3, li§l can probe values of Ms upto 0.6 
TeV. Other processes studied include associated production of gravitons with gauge 
bosons and virtual effects in gauge boson pair production at hadron colliders £"3, 
E^l. Higgs production cH, cj and electroweak precision observables in the light 



of this new physics have also been discussed. Astrophysical constraints, like bounds 
from energy loss for supernovae cores, have also been discussed In general, the 
processes which involve real production of gravitons give stronger constraints for 
n = 2 than the processes involving virtual exchange of gravitons but the advan- 
tage of the virtual processes is that the bounds obtained from them have a mild 
n dependence whereas the bounds from real production processes fall rapidly with 
increasing n. 



5. The Linear Collider and Extra Dimensions 

The Next Linear Collider (NLC) is an ideal testing ground of the SM and a 
very effective probe of possible physics that may lie beyond the SM. The collider is 
planned to be operated in the e + e~, e~e~, 77 and the ej modes. For operation in 
the latter two modes, the photons are produced in the Compton back-scatteringjrf 
a highly monochromatic low-energy laser beam off a high energy electron beam EM 
Control over the e~ and laser beam parameters allow for control over the parameters 
of the 77 and ej collisions. The physics potential of the NLC is manifold and the 
collider is expected to span several steps of ee energy between 500 GeV and 1.5 TeV. 
The experiments at the NLC also provide a great degree of precision because of the 
relatively clean initial state, and indeed the degree of precision can be enhanced by 
using polarised initial beams. 

We first discuss the case of e + e~ collisions. The production of gravitions in 
e + e~ collisions at the NLC for a s/s of 1 TeV and 100 fb _1 luminosity has been 
studied El. Bounds on Ms which are around 3-7 TeV are obtained (for n between 2 
d 6). Virtual effects of graviton exchange in fermion pair production at the NLC 
II can also give strong bounds of upto 5 TeV for a ^fs = 1 TeV. These bounds 
can be enhanced by studying the angular distributions instead of looking at the 
integrated cross-sections. Virtual effects of gra vito n exchange in gauge boson pair 



production at the NLC have also been studied —, Ii3 and lead to similarly strong 
bounds. 

In the e - e~ mode, Moller scattering e~e~ — > e - e~ may be used to study the 
virtual exchange of gravitons and this process is similar to the process e + e~ — > e + e~ 
as far as the gaviton exchange contribution is concerned. The e~e~ mode, in fact, 
is advantageous in that it provides a initial state even cleaner than in e + e~. The 
e~e~ initial state can also be polarised to a greater degree. However, the major 
advantage that the the e + e~ mode has over the e~e~ mode is that there are several 
// states that are accessible and by summing over all these states the bound can 
be significantly improved. 

If operated in a mode where there laser-back scattering used, both the e + e~ 
and the e — e~ colliders can be used to study 77 and ej scattering processes. As an 
example consider the effects of large extra dimensions in top production in photon- 
photoiL collisions at the NLC, spanning the energy range between 500 GeV and 1.5 
TeV 
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The basic scattering is described by a 77 scattering subprocess, with each 7 



resulting from the electron-laser back scattering. The energy of the back-scattered 
photon, E-y, follows a distribution characteristic of the Compton scattering process 
and can be written in terms of the dimcnsionless ratio x = E~ i jE e . The subprocess 
cross-section is convoluted with the luminosity functions, ft(x), which provide infor- 
mation on the photon flux produced in Compton scattering of the electron and laser 
beams. The cross-section for the 77 — > tt process has the usual t- and w-channel SM 
contributions, but in addition, we also have the s-channel exchange of virtual spin-2 
Kaluza-Klein particles. The 2a limits that we obtain for s/s = 500, 1000, 1500 GeV 
are 1600, 4000 and 5400 GeV, respectively. Tighter cuts on the rapidity can be used 
to improve the bounds significantly. The use of polarisation enhances the bounds 
on Ms quite significantly by several 100 GeV in each case. The other processes that 
have been studied in the case of 77 collisions are gauge-boson pair production l£I, 
and dijet production E2I. 

Finally, the effects of extra dimensions in ej collisions has also been studied. The 
virtual exchange oLgravitons in the ej — > e^f Compton scattering yields bounds in 
the range of 5 TeV c-i and the real production of gravitons via — > eG also yields 
bounds in the region of around 5 TeV Ea. 



6. Conclusions 

The possibility that extra dimensions could be compactified to sizes as large as a 
millimeter, and consequently have effects of quantum gravity in the TeV range, has 
led to several exciting investigations of these effects at high energy colliders. In 
this talk, I have essentially summarised the motivation for expecting these extra 
dimensions to be large, discussed the low-energy effective theory and then reviewed 
the bounds on the string scale Ms that have been obtained from present experiments 
and the values of Ms that will be probed in future colliders. In particular, I have 
discussed these studies made for a future linear collider and conclude that these 
theories can be probed to very large values of effective string scale Ms- 



7. References 



1. P. Horava and E. Witten, Nucl. Phys. B460 (1996) 506; J.D. Lykken Phys. Rev. D54 
(1996) 3697; E. Witten, Nucl. Phys. B471 (1996) 135. 

2. N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B249 (1998) 263. 

3. I. Antoniadis, Phys. Lett. B 246 (1990) 377; I. Antoniadis and K. Benakli, Phys. Lett. 
B 326 (1994) 66; I. Antoniadis, K. Benakli and M. Quiros, Phys. Lett. B 331 (1994) 
313. 

4. L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370; Phys. Rev. Lett. 83 
(1999) 4690. 

5. J. C. Long, H. W. Chan and J. C. Price, Nucl. Phys. B539 (1999) 23. 

6. R. Sundrum, Phys. Rev. D59 (1999) 085009. 

7. G. F. Giudice, R. Rattazzi and J. D. Wells, Nucl. Phys. B544 (1999) 3; 

8. T. Han, J. D. Lykken and R-J. Zhang, Phys. Rev. D59 (1999) 105006. 

9. EA. Mirabelli, M. Perelstein and M.E. Peskin, Phys. Rev. Lett. 82 (1999) 2236. 
10. K. Cheung and W. Keung, UC Davis Preprint UCD-HEP-99-6, ^ep-ph/9903294 . 



11. J. L. Hewett, Phys. Rev. Lett. 82 (1999) 4765. 

12. A.K. Gupta, N.K. Mondal and Sreerup Raychaudhuri, Tata Institute Preprint TIFR- 
HECR-99-02, frep-ph/9904324j 

13. Prakash Mathews, Sreerup Raychaudhuri and K. Sridhar, Phys. Lett. B 450 (1999) 
343. 

14. Prakash Mathews, Sreerup Raychaudhuri and K. Sridhar, Phys. Lett. B 455 (1999) 
115. 

15. Prakash Mathew s, Sreerup Raych audhuri and K. Sridhar, Tata Institute Preprint, 
TIFR/TH/99-13, |hep-ph/9904232| (1999). 



19. 
20. 

21. 

22. 
23. 



24. 
25. 



26. 

27. 
28. 
29. 

30. 
31. 



hep- 



16. T.G. Rizzo Phys. Rev. D59 (1999) 115010; SLAC Preprint SLAC-PUB-8114 
ph/9904380| (1999). 

17. K. Agashe and N.G. Deshpande, Phys. Lett. B 456 (1999) 60. 

18. D. Atwood, S. Ba r-Shalom and A . Soni, Brookhaven National Laboratory Preprint 
BNL-HET-99/11, tiep-ph/990353^ (1999). 

C. Balazs et al, Michigan State Preprint MSU-H EP-90105, |hep-ph/9904220| (1999). 
K. Cheung, UC Davis Preprint UCD-HEP-99-8, |hep-ph/9904266| (1999);~P/m/s. Lett. 
B460 (1999) 383. 

T.G. Riz zo, Phys. Rev D60 (1999) 075001. 



bep-ph/9905295 (1999). 



X. He, 

T. Banks, M. Dine and A.E. Nelson JHEP (1999) 99 06:014; M. Masip and A. Pomarol, 
CERN Preprint, CERN-TH/99-47, [hep-ph/9902467t T.G . Rizzo and J.D. Wells, SLAC 
preprint SLAC-PUB-8119 (J un 1999), |hep-ph/9906234| ; A. Strumia, Pisa U. preprint 



R. Casalbuoni, et. al., U. of Florence 



IFUP-TH-29-99 (Jun 1999), |hep-ph/9906266 ; 
preprint DFF-341/7/99 (Jul 1999), [hep-ph/9907355 
S. Cullen and M. Perelstein, Phys. Rev. Lett. 83 (1999) 268. 
For reviews see: H. Murayama and M.E. Peskin, Ann. Rev. Nucl. Part. Sci. 46 (1996) 
533; D.L. Borden, D.A. Bauer and D.O. Caldwell, SLAC Preprint SLAC-PUB-5715 
(1992); F. Boudjema, in the proceedings of the Workshop on High Energy Physics 

(WHEPP-5) published in Pramana - J. Phys 51 (1998) 249. 

K.Y. Lee et al., Seoul Unversity Prepri nt SNUTP-99-02 1, friep-ph/9904355| (1999); 

Seoul Unversity Preprint SNUTP-99-022, [hep-ph/9905227| (1999). 

Prakash Mathews, P. Poulose and K. Sridhar, Ph ys. Lett. B461 ( 1999) 196. 

H. Davoudiasl, SLAC Preprint SLAC-PUB-8121, |hep-ph/9904425| (1999). 

Dilip K. Ghosh P. Poulose and K. Sridhar, Tata Institute Preprint TIFR-TH-99-47, 

hep-ph/9909377j (1999), To appear in Modern Ph ysics Letters A. 

H. Davoudiasl, SLAC Preprint SLAC-PUB-8197, |hep-ph/9907347| (1999). 

Dilip K. Ghosh, Prakash Mathews, P. Poulose and K. Sridhar, JHEP 9911:004 (1999). 



